Abstract-For the region pd< (pd)min, breakdown characteristics U. = f(pd) are presented for both the noble and the more important molecular gases He, Ne, A, Kr, Xe, N2, H2, NH3, air, C02, 02 (and Hg), particularly giving the probability of breakdown on which they are based, so that they can be used for dimensioning the relevant equipment. The design of vessel and electrode geometry which were introduced to determine these characteristics, and which have been tested up to a peak voltage of several hundred kilovolts, made it possible to study and describe the shape of the breakdown and flashover voltages relative to one another at pressures down to high vacuum (region of vacuum breakdown). They also provide an overall picture of the constructional facilities existing within the four following regions of ultimate stress, in which the breakdown voltage is determined by the ultimate electrical stressing of 1) the electrode surface (vacuum breakdown), 2) the insulator inside wall (internal flashover), 3) the insulator outside wall (external flashover), and 4) the gas path (Paschen breakdown). To express the probability of breakdown between 100 percent certainty (W = 1) and complete freedom from breakdown (W = 0), Poisson's formula In = oo W = e-' in/n! and/or W = e-E In/n! n = -y may be used for the various breakdown mechanisms, i.e., for values of pd close to the respective kink and in the kinked part of the lefthand leg of the Paschen curve (regions 1-4 in Fig. 2) , the value u being proportional to the peak value of the applied voltage 0. The proportionality factor c = u/l2 (volts) worked out to 1. 10-3 and the value of n to about 200-300 (compared with n = 20-150 in the case of additional pre-ionization of the gas path).
INTRODUCTION
ETERMINING the breakdown voltage for a given gaseous-discharge path and its graphical representation in the breakdown characteristic as a function of the product of gas pressure p and electrode distance d [2] serves as a very useful aid for characterizing electrical discharge equipment, as long as account is also taken of the breakdown probability [3] , [11. Since the gas pressure at constant temperature is generally inversely proportional to the length of the mean free path, and hence (neglecting the Ramsauer effect) also to that X, of an electron in the direction of the field, the product p d-d/Xe gives an indication of the number of collisions inflicted on an electron while crossing the discharge path. As long as this product remains constant, the breakdown voltage U (for a homogeneous field E = U/d, and electrode diameter D >> d, and also for the same electrode material and electrode surface finish) will also be constant, Paper 68 TP 647-PWR, recommended and approved by the Switchgear Committee of the IEEE Power Group for presentation at the IEEE Summer Power Meeting, Chicago, Ill., June [23] [24] [25] [26] [27] [28] 1968 . Manuscript submitted February 8, 1968 ; made available for printing May 20, 1968 because the "free-path voltage" E* X, and the number of colilsions do not vary. Breakdown characteristics U = f (pd) have been determined in large numbers' for the region pd > (pd)mir, i.e., the so-called "far breakdown region" (Weitdurchschlagsgebiet), but in almost every case with electrode arrangements which are suitable and reliable only for measurements in the right-hand part of the Paschen curve and its breakdown voltage minimum. For this reason, the small pieces of breakdown characteristics which have been included (and published), and which lie in the "near breakdown region" (Nahdurchscblagsgebiet), directly by the breakdown voltage minimum, must be treated with suspicion because of the inadequacy of the test tank for pd < (pd)min.
On the other hand, only a few reliable breakdown characteristics extending further into the near breakdown region have been published to date. The only breakdown characteristics covering a wider area of the region pd < (pd)min, which have been obtained for the noble gases He, Ne, A, Kr, and Xe in a homogeneous electrical field, are those of Dikidschi and Klarfeld [14] , who used a form of electrode suitable only for the near breakdown region ( Fig. 1(b) ) [131. Gusewa and Klarfeld have determined and published such curves for the molecular gases H2, N2, 02, and CO2 [15] . Nevertheless, because of the special form of electrode employed, these characteristics again cannot be extended in the direction of the breakdown voltage minimum. Furthermore, neither of these references contains any data concerning breakdown probability.
On the other hand, the electrode and tank geometry ( Fig.  1(c) ) described here makes it possible, using one and the same pair of electrodes, to determine the breakdown characteristics for the whole in the near breakdown region, at the minimum, and in the adjacent far breakdown region reliably and with a negligible degree of error, and comprehensively for a wide variety of noble and molecular gases. This geometry has recently also been adopted for the same purpose by Miller [171 at the General Electric Research Laboratory, independently of the investigations, both reported here and already published [1] , [16] . With this flat electrode arrangement ( Fig. 1(c) ) it is also possible, principally by varying the electrode gap d (the radius of curvature of the electrode edge r being suitably chosen for this), to study the course of the flashover voltage along both the inside and outside walls of the insulator, and also that of the breakdown voltage between the electrode surfaces up to and including the region of vacuum breakdown. Here particular importance was attached to obtaining a definite statement regarding breakdown probability.
The electrode profile proposed by Fucks and applied by Niesters [18] for pd < (pd)min is basically similar to the GusewaKlarfeld shape ( Fig. 1(b) ), except for the boundary geometry.
In the Paschen curve of Niesters [18] for hydrogen it produced a 1 Summarized in [6] - [12] though no account,is taken of breakdown probability. [2] , [41, and elsewhere; reliable only for measurements in the right-hand part of the Paschen curve, i.e., the region pd > (pd)min, because in the range pd < (pd)min (particularly when d is smaller than the miean free path X) the best breakdown conditions, i.e., the most ionizing collisions, occur at the edge of and beside the electrodes. These breakdown conditions in the range pd < (pd)min thus lead to a by-pass breakdown and by-pass discharge (indirect discharge).
(a) (Fig. 1(c) ) are employed. While acknowledging the advantages of these recessed plate electrodes ( Fig. 1(b) ) at the center of the electrode for taking measurements along the left-hand limb of the Paschen curve, we chose a flat, backward-curved electrode arrangement ( Fig. 1(c) When determining the electric strength of a given gas-discharge path, the concept of an infinitely large plate capacitor is usually introduced, for comparison together with its breakdown characteristic Uz = f(pd).
With real arrangements, however, both of test tanks for determining the breakdown characteristics experimentally, and of similar high-voltage equipment whose electric strength is calculated with the aid of these characteristics, the electrodes have finite dimensions. Therefore, when determining the breakdown characteristics, and these are very important in high-voltage engineering and the sizing of high-voltage equipment, other considerations regarding the design of a rational test tank have to be taken into account. These will be discussed in the context of Fig. 1 .
When defining the right-hand part of the breakdown characteristic (Paschen curve), i.e., when studying the far breakdown region and the voltage minimum, it is sufficient to have two plates (either flat [4] or rounded with Rogowsky profiles [19] at the edges) of finite diameter D, parallel to each other, and separated by a distance d which is relatively small compared with D, in a test tank of arbitrary size ( Fig. 1(a) ). However, when investigating breakdown characteristics in the near breakdown region such an arrangement is impermissible, owing to the "indirect discharges" (by-pass discharges) which then occur.
Since in the left-hand limb the breakdown voltage at first increases appreciably as the distance between electrodes (and gas pressure) diminishes, the discharge prefers to strike across the greatest available distance (by-pass), if no measures are taken to prevent an indirect discharge of this kind.
For this reason, Gusewa and Klarfeld [13] and Fucks and Niesters [181 very sensibly used flat electrodes with the edge portions brought close together for measuring the striking voltage of gases at small values of pd (see Fig. 1 (b) used in [13] ). Nevertheless, this test tank configuration again does not allow generally valid results to be obtained near the breakdown voltage minimum, or in the right-hand part of the characteristic. As a result, in order to determine breakdown characteristics embracing the near breakdown region, the region at the minimum, and the adjacent far breakdown region with one and the same pair of electrodes and the same electrode condition, we introduced a design of test tank in which the flat plate electrodes are bent away from each other at the edges with a small radius of curvature r compared with the electrode distance d, in order to prevent indirect discharges (by-pass discharges). They also pass along the cylindrical inside surface of the insulator, there being a very small gap in between (Di.,,, -D.1)/2 ( Fig. 1(c) ). One consequence of the above mentioned condition that d >> r and the requirement (to prevent any side-wall effects on the breakdown voltage at the center of the electrode) that D >> d is that in the region of very high voltages, for which a comparatively higher value is necessary for r, the electrode diameter D must also be made correspondingly large to ensure a sufficiently extensive homogeneous electrical field, and so retain acceptable comparability with an infinitely large plate capacitor. Owing to the nearness of the wall and the carrier-wall losses which occur there (within the limits specified below), the fact that the distance However, even the part of the characteristic pertaining to vacuum breakdown Uz1 = f(d) (region 1 in Fig. 2 ), itself is deflected or curved downward, depending on the presence or attainment of the underlying individual mechanisms, principally the multiplication of charge carriers, in the vaporized (or electrostatically detached) electrode material for example, quite apart from the emission mechanisms of the field electron emission, and also to some extent the secondary electron emission and emission released by X-ray quanta. The exact characteristic for the vacuum breakdown region, the curvature of which varies from one author to another, is replaced in Figs. 2, 3 , and 6 by a straight line, this being adequate for practical purposes with a given tank geometry. This line is defined by the point of intersection of the characteristic of region 1 which is in fact curved with that of the adjoining region 2, and the origin. The gradient of this line, or the quantity thereby defined Elm.. = Uzl/d, was determined experimentally, e.g., for the present test geometry (highly pol- For this purpose, in Fig. 3 Fig. 1(c into account, with the correction factor a, the influence of the ratio of the electrode diameter to the electrode distance De1/d and, with the correction factor (, the effect of an edge gap or radius of curvature r greater than half the mean free path of the neutral gas.
Whereas now (according to Fig. 4(a) ), when the electrode diameter D., is very much larger than the electrode distance (D., >> d), the correction factor a may be set equal to 1 (a = a, 1). When the diameter Del is smaller than d, the factor a becomes considerably less than 1 (a = a2 < al -1), owing to the losses of charge carriers at the walls, which then also become effective at the center of the electrode.
In addition to this (in accordance with Fig. 4(b) ), when the gap width of (Dinsuj -D)/2 is smaller than the experimentally determined reference quantity of about half the mean free path of the neutral gas X/2 (i.e., (Dinsul-D.)/2 < X/2), or when the radius of curvature of the electrode edge is smaller than X/2 (i.e., r < X/2), the correction factor : may be set equal to 1 (( = (,3 1) . However, when the gap width of (Di..,, -D91)/2 is more than X/2, the correction factor ,3 is greater than 1 (3 = By introducing a quantity dx,2, i.e., the distance between electrodes at the wall, for which the distance from the electrode to the limiting insulator is equal to half the mean free path X/2 of the neutral gas (Fig. 5) , the approximation equation for the correction factor (3 can be written: (3
Here the proportionality factor e for a definite gap width (Dinsul -D01)/2 is defined according to Fig. 5 .
These considerations yield the following requirements for the highest possible dielectric strength of the gaseous discharge path, or that of a corresponding item of high-voltage equipment; as far as the design of the electrode edge is concerned: a << 1 and , (3 1. In conclusion, with the aid of Fig. 6 (Fig. 6) , irrespective of the tank design and regardless of the particular dimensions of the electrode arrangement. Thus it is not always immediately apparent from the breakdown characteristic Uz = f(p), including the horizontal portion, of a given type of tank which voltage-limiting mechanism is involved (apart from external flashover which is obvious). The lack of awareness of these relationships has led to many misleading statements in the literature and, hence, to false conclusions in the design of high-voltage equipment.
TEST TANK
To obtain the breakdown characteristics given below, initially up to voltages of 15 kV, and bearing in mind the considerations listed earlier, we chose a test tank as shown in Fig. 1 (c) consisting of a tubeshaped glass insulator with an inside diameter DiS,u1 = 51-52 mm. The outside diameter of the electrode Del = 50 mm ensured a gap between this and the inside cylinder wall of (Di..ul -D,1)/2 = 0.5-1 mm. The electrodes, of sheet steel, were set at a distance d = 20 mm and, in some cases, at d = 10 mm. Before insertion they were highly polished, washed, and then vacuum-degassed at 900'C for 10 hours.
The radius of curvature at the edges of the flat electrodes was r = 1 mm. Thus the deviation of the true electrode distance near and along the insulator inside wall from the distance d at the electrode center and, therefore, the resulting influence on the breakdown voltage were negligibly small (among other things, because the carrier-wall losses have the effect of raising the breakdown voltage should striking occur near the edge). The fact that the gap and the electrode curvature were at first too large was easily observed [1] . For the same reason, with even smaller radii, the strictly locally limited field inhomogenity at the electrode edge, particularly in the near breakdown region, has no perceptible effect on the breakdown voltage, as long as one remained outside the field emission region. Nevertheless, with very high voltages it is advisable to give the electrode a larger curvature at first, and an appropriately smaller radius subsequently, as with the Rogowsky-Fucks profile.
The tanks used for the high-voltage tests at up to 350 kV (see Fig. 10 ), as described below, had electrodes with a radius of curvature at the edge of up to r = 40 mm in accordance with (The Ni electrodes used in [35] for determining the H2 characteristics gave K4 = 46.10-3 and r = 6.) Hg characteristic from [13] . In order to achieve a well-defined surface condition of the electrode, and hence an easily reproducible breakdown voltage, the highly polished steel electrodes (vacuum degased at 9000C) were heated by bombardment with ions of the gas being studied before each measurement was taken, and in this way were cleaned of any mercury condensate or adsorbed gas films. This gas was then removed before the new final gas charge (purity as shown in Table I ) was admitted and further values measured. This procedure resulted in good reproducibility for the individual characteristics, and this was checked in the case of each characteristic by taking a series of measurements on different days (cf. different symbols for measured points in [1, Figs. 10 and 11 ]. Figs. 7 and 8 also include the characteristic for mercury vapor published by Gusewa and Klarfeld [13] . A comparison with breakdown characteristics obtained by other authors [14] , [15] , [17] , [31] -[341 was made in [1 ] and [16] . This voltage was raised in steps of 1 percent of the expected breakdown voltage, each value being applied to the discharge tank for 5 seconds before proceeding to the next.
The breakdown voltage was taken as the voltage peak at which the first strike occurred within this time interval of 5 seconds, ie., the transition from nonself-sustained to self-sustained discharge. Thus, bearing in mind the statistical nature of the striking process, the breakdown characteristics obtained in this way can be said to have a breakdown probability of W = 1/500 = 2* 10-3, if account is taken of the fact that the small 100-Hz upper harmonic superimposed on the direct voltage attains the peak value 500 times within the 5 seconds (voltage rectification by means of a two-phase bridge arrangement). If the ripple of the voltage curve is even smaller, with this type of breakdown voltage measurement using direct voltage, the probability of breakdown can be given only an upper limit, with the present data, for example, at W < 2-10-.
PROBABILITY OF BREAKDOWN Since within the region between 100 percent certainty of breakdown (with a breakdown probability of W = 1) and absolute certainty of blocking (W = 0) of a gas-discharge path there is always a transition zone in which the circumstances regarding breakdown can be defined by a probability; the breakdown and blocking voltages of a given gas-discharge path are adequately characterized only if, in addition to the breakdown characteristic, the breakdown probability and its dependence on voltage or the blocking characteristic introduced by Wasserrab [3] (which can be determined from the voltage relationship) are also known.
The order of magnitude of the probability underlying such a blocking characteristic is governed by the requirement that breakdown, which is undesirable with many items of high-voltage equipment, should, assuming continuous operation (8760 hours per year) and normal mains frequencies (e.g., 50 Hz), occur only at intervals of several years (e.g., 6 years per discharge path and discharge direction): W = 1/50.3600 8760 6 10-10.
In accordance with these rare occurrences, one can use the well-known Poisson equation4 W = e-,Af/n! as in Fig. 9 (in the region W < 10-s), even in the case of a simple gas discharge path as considered here (with D >> d and without any artificial source of pre-ionization). Here, the variable , can be taken as proportional to the peak value of the voltage C applied to the gas-discharge path, and the parameter n describes the material properties of the electrodes and the gas as well as the tank geometry, etc. Fig. 9 shows the measured result for a Hg-gas-discharge path with an electrode arrangement and tank design as shown in Fig. 1 (c) . It is characteristic of all the larger test tanks used here which are similar to each other (Fig. 10) W= e-E An/n! n = oy can be used, in which W is the probability that a statistically fluctuating quantity of mean value ,u reaches or exceeds the value (n = -y), as has been shown by Peche and Schmalenberg [29] in another context. torr Hg (corresponding to the breakdown characteristic points in the region 2 of ultimate stress of the insulator inside wall). Comparing the two abscissa scales for u, and C relating to this probability curve yields c = p/0(volt) = 1 -10-3, i.e., virtually the same value of this proportionality factor as was given by Wasserrab [3] and Roth [28] at 0.7-10-3 (with additional preionization). It can be seen from the probability curves for n = 40, 100, 200, 300, and 500 plotted in Fig. 9 (Fig. 6(b) and (c)) and to this value of n (with a Poisson probability of W = 10-10), but which is approximately 20 percent lower than the relevant point on the breakdown characteristic (with W = 2-10-1) (for even larger differences between breakdown and blocking characteristics, particularly in the presence of additional pre-ionization, see [26, Fig. 8]) . When these results are applied to a series connection of x identical but independent gas paths [30] , to increase the electric strength of an arrangement, the probability of breakdown Wt1t of the whole series connection can be expressed by the following equation (suitable for application to n = 200-300 in the case of gas paths with no pre-ionisation, or especially to n = 20-150 wheni there is pre-ionization): Fig. 11 . Test arrangement of four gas-discharge tanks for determining the breakdown probability Wt0t of several gas-discharge paths in series connection [30] .
In this equation i denotes the progressive subscripts from i = 0 to i = m, m being the maximum permissible number of gaps in the series arrangement that may break down simultaneously without loading to total breakdown. Wo/(x -j) is the probability of breakdown of a gap at a voltage stress of U/ (x -i), and U is the maximum peak value of the voltage applied to the whole series connection. Fig. 11 shows the test arrangement of four gasdischarge tanks for determining the breakdown probability Wtt of several gas-discharge paths in series connection [30] . . By varying the different parameters (eg., electrode-insulator geometry, gas pressure, etc.), the individual regions can be widened to a greater or lesser extent. In an extreme case, a direct transition from region 1 to region 4 is possible, ie., region 2 and/or 3 vanishes.
2) The experimentally determined approximation equations given for the breakdown characteristics in the four regions make it possible to clarify the influence of various geometrical parameters.
3) The breakdown voltage of a gaseous discharge path and/or a standard electrode arrangement as a function of the electrode distance d, or of the gas pressure p, or of the product pd, serves only as a satisfactory aid for characterizing high-voltage equipment, as long as account is also taken of the breakdown probability in all the above-mentioned regions. Poisson's formula W = e-I' /n! may be used to express the probability W of breakdown between 100 percent certainty (W = 1) and complete freedom from breakdown (TV = 0) with ji = I 10-3U (fU = peak value of the applied voltage) and n z 200-300 (compared with n 20-150 in the case of additional pre-ionization of the gas path). With a knowledge of the function W = f( t) for a definite gas path, the probability of breakdown Wt.t of a series connection of identical, but independent, gas paths (to increase the electric strength of an arrangement) can be calculated with the formula given.
4) The presented Paschen curves Uz = f(pd) for the inert gases He, Ne, A, Kr, Xe and the molecular gases N2, air, H2, NH3, CO2, and 02 are given with the probability of breakdown W = 2-10-3, on which they are based, so that they can be used for dimensioning high-voltage equipment.
